specifically and reliably at the exposed DNA gap can arguably be viewed as the key enabling process.
Introduction adjoining dsDNA has no apparent limit other than the availability of free RecA protein. These considerations When a replication fork is stalled at the site of an unrestrongly suggest a need for the regulation of RecA filapaired DNA lesion, the lesion is left in a single-strand ment assembly and disassembly. gap in the DNA. Recombinational DNA repair (postrepliAttractive candidates for this regulatory function are cation repair) of such lesions relies upon RecA protein the RecF, RecO, and RecR proteins. Identified in three as well as a number of proteins generally assigned to separate laboratories (Horii and Clark, 1973 ; Kolodner the RecF recombination pathway. A model for postrepliet al., 1985; Mahdi and Lloyd, 1989) , these proteins are cation repair originally proposed by Howard-Flanders often discussed as components of a secondary pathway and colleagues (West et al., 1981) has survived virtually for recombination during conjugation (Smith, 1989a ; unchanged for over 15 years ( Figure 1 ). RecA protein Clark, 1991; Clark and Sandler, 1994 ; Kowalczykowski forms a filament in the exposed DNA gap. The bound et al., 1994) . However, the sensitivity of strains with recF, ssDNA 1 is then paired with homologous dsDNA from the recO, and recR mutations to DNA damaging agents, opposite side of the replication fork. Unidirectional DNA even when the mutations are present in an otherwise strand exchange ensues, converting the lesion-containing wild-type background (Horii and Clark, 1973 ; Sinden and strand into duplex DNA. Recombination is terminated Cole, 1978; Kolodner et al., 1985; Mahdi and Lloyd, 1989 ; by resolving the DNA crossover, the lesion is repaired, Sargentini and Smith, 1986; Tseng et al., 1994) , indicates and replication is restarted. This pathway represents a that these proteins function in a primary pathway for unique confluence of DNA metabolic processes, with DNA repair. The RecFOR proteins function at an early major elements of the DNA replication, recombination, stage of recombination and recombinational repair (Clark and repair enzymatic machinery presumably interacting and Sandler, 1994; ; Roca in a highly regulated sequence. Few of the molecular and . Recent genetic results suggest an interimplications of the pathway of Figure 1 have been exaction between RecF protein and PriA protein in vivo plored in vitro. (Sandler, 1996) and implicate RecF and RecR proteins At the center of the proposed postreplication repair in replication restart at disrupted replication forks (Courpathway is the RecA protein. The activities of RecA celle et al., 1997) . have been extensively reviewed (Kowalczykowski and Individually, the purified RecF, RecO, and RecR proEggleston, 1994; ; Kubista teins have few measurable activities. RecF protein binds et al., 1996; Roca and Cox, 1997) . In vitro, RecA will to ssDNA (Griffin and Kolodner, 1990 ) and dsDNA (Madibind to ssDNA, pair it with a homologous dsDNA, and raju and Clark, 1992; Webb et al., 1995) and exhibits a promote DNA strand exchange between them. The acweak ATPase activity (Webb et al., 1995) . RecO protein tive form of RecA protein is a nucleoprotein filament.
binds to both ssDNA and dsDNA. RecO also promotes During postreplication repair, formation of this filament an ATP-independent renaturation of complementary DNA strands and a weak D-loop formation activity (LuisiDeLuca and Luisi-DeLuca, 1995) . The
Results

Experimental Design
The objective of this study was to determine the effect of the RecF and RecR proteins on the binding of the RecA protein to gapped DNA (gDNA). Reactions were monitored by electron microscopy, and the DNA-dependent dATPase activity of RecA was used as an independent (albeit indirect) method to assess RecA binding to DNA. Throughout, specific circular gDNA molecules are identified by the abbreviation GD, and the lengths of the single-strand gaps in total nucleotide residues are denoted by a subscript (e.g., GD1037). RecF and RecR proteins interact to form complexes that bind to dsDNA in a random and noncooperative fashion in the presence of ATP (Webb et al., 1995) . To facilitate discussion, we use the term RecFR when describing the combined effects of these proteins when both are present. At low RecFR/base pair ratios, these complexes are manifested as discrete dot-like structures distributed along the dsDNA. At higher RecFR/ base pair ratios, RecFR forms a uniform coat on the DNA. In successfully prepared EM samples, such RecFR coats appear rather amorphous, while RecA filaments contain striations. The two are thus readily distin- present in 2-fold excess relative to RecF (e.g., where the RecFR complex concentration is given as 58 nM, the reaction contains 58 nM RecF protein and 116 nM RecR protein from Bacillus subtilis binds to dsDNA RecR protein). (Alonso et al., 1993) , although the Escherichia coli pro-
The experiments focus on the extension of RecA filatein exhibits no DNA binding activity in vitro (Webb et ments nucleated in a single strand gap. End-dependent al., 1995) . There is clear evidence for interactions bedisassembly (from the opposite end) is prevented simply tween the RecO and RecR proteins (Umezu et al., 1993;  by substituting dATP for ATP in the reaction mixtures Umezu and Kolodner, 1994; Shan et al., 1997) and be- (Shan et al., 1997) except as noted. The concentration tween the RecF and RecR proteins (Webb et al., 1995 (Madiraju and Clark, 1991; Umezu et al., 1993) . In con-ATP␥S is added to halt the reactions. Although RecA trast, RecO protein interacts with SSB, and the RecO protein binding to DNA can occur in the presence of and RecR proteins stimulate RecA protein binding to ATP␥S, recent studies have shown that the effects of ssDNA coated with SSB (Umezu and Kolodner, 1994) .
ATP␥S' addition on the result obtained are minimal when This RecO and RecR complex has the additional effect the procedure described in Experimental Procedures is of preventing the end-dependent disassembly of filaused (Shan et al., 1997) . ments (Shan et al., 1997) . Thus, the RecO and RecR proteins overcome the inhibition of RecA filament nucleation by SSB and the possible premature end-depenRecFR Limits RecA Filament Extension dent disassembly of those same RecA filaments. In both beyond DNA Gaps cases, the RecO and RecR proteins act together, with
In the presence of dATP and SSB, RecA protein forms no effects seen with either protein alone. a contiguous filament on circular GD 1037, which envelops The third problem for RecA filament assembly in postthe entire DNA molecule (Figure 2A ). These nucleoproreplication repair, unregulated extension of nucleated tein filaments exhibited few imperfections or discontinufilaments as alluded to above, is not addressed by these ities. Typically, greater than 94% of the DNAs were found results. In addition, the RecF protein is left without a to be fully coated with RecA. The length of these filaclear molecular function. In this report, we demonstrate ments corresponds to about 50 of the arbitrarily defined that the RecF and RecR proteins, acting together, modulength units used in our EM judgments (see Experimental late the extension of RecA filaments into the dsDNA Procedures).
To determine the effect of RecFR proteins on RecA adjoining a single-strand gap.
in Figures 2B-2D . Histograms detailing the results of filament length judgments are presented in Figure 3 . The addition of relatively small amounts of RecFR (19 nM, or 100 per gDNA molecule) resulted in RecA filaments that were stopped short of completely coating the gDNA ( Figure 3A) . On a given gDNA molecule, the typical protein-DNA complex consisted of single linear RecA filament (of variable length) connected by naked dsDNA. At this low RecFR concentration, only a small number of RecFR dots were seen on the dsDNA. At somewhat higher levels of RecFR (300 per gDNA molecule, Figures 2B and 3C ), the distribution of RecA filament lengths became considerably sharper, with an average of 8-12 relative length units. The length of filament expected if RecA binding was limited to the singlestranded region of GD1037 is approximately 6 units on this arbitrary unit scale. At this higher concentration of RecFR, the probability of an RecFR complex randomly binding to the dsDNA near the ss-ds junction of the gap is greater, increasing the likelihood that RecA filament extension would be halted near the ss-ds junction. Less than 4% of the circular DNA molecules in these samples had multiple RecA filament tracts.
At even higher RecFR concentrations (700 per gDNA molecule), the double-stranded region of the gDNA began to take on the appearance of DNA coated with RecFR ( Figure 2C ). The judged lengths of the RecA filaments did not change significantly, though they became even more homogeneous in length ( Figure 3D ). With 900 RecFR per gapped DNA molecule (174 nM RecFR), the RecFR complexes began to inhibit RecA protein binding to the single-strand gaps. About 60% of the GD 1037 molecules had no bound RecA filament at all ( Figure 2D ), and the DNA that did have RecA bound had very short filaments (between 2 and 6 length units) ( Figure 3E ).
To substantiate the relationship between gap length and RecA filament length in the presence of RecFR, the that binds to only part of the DNA circle appears to occupy a greater As direct evidence that the RecA filaments were halted fraction of the total length of the DNA than it actually does. Consequently, the overall contour length of the protein-DNA complexes along the DNA as a result of a physical encounter with decreases as the RecA filament length decreases. a bound RecFR complex, an immunogold EM-labeling procedure was used to determine the location of RecF binding to gDNA, GD 1037 was preincubated with various and RecR in relationship to the RecA filament. Figure 4 shows representative RecA filaments halted on GD 1037 concentrations of RecFR in the presence of dATP. At 5 min intervals, RecA protein was added, and then SSB.
by RecFR (300/DNA), which were then probed with either RecF antibody or RecR antibody complexed with gold The reaction was then incubated an additional 5 min before stopping the reaction with ATP␥S. Typical filaparticles. We assume the immunogold-labeling procedure is not 100% efficient. Nevertheless, gold label was ments observed by electron microscopy are presented observed along the dsDNA when either antibody was the rate of dATP hydrolysis increased slowly with time, consistent with the slow increase in filament length obused. This demonstrates that the dots observed along served in the EM. Secondary filament nucleation events the non-RecA-coated regions shown in Figure 2 contain to produce separate filaments on a single DNA molecule both RecF and RecR proteins. Additionally, in duplicate could, in principle, explain the increase in dATPase acexperiments probed with either RecF antibody or RecR tivity but were generally not evident in the EM. antibody, we found 66% and 60% of the molecules, One explanation for the apparent bypass of RecFR respectively, to have a gold label present at one end of could be a slow hydrolysis of dATP by the RecF protein, the RecA filaments. The average number of gold partileading to the dissociation of the RecFR complexes. cles seen per DNA molecule in these experiments was Therefore, similar experiments were carried out combin-7 and 9 for RecF and RecR, respectively. If there were ing RecR with the RecF K36R mutant protein, which no relationship between the position of the RecFR combinds to, but does not hydrolyze, dATP (Webb et al., plexes and the end of the RecA filaments, and random 1995; B. L. W., unpublished data). As shown in Figure  binding to the duplex DNA was assumed, a gold particle 5, the use of this mutant protein substantially reduced should appear at the end of an RecA filament only 10 the observed increase in RecA-mediated dATP hydrolyor 13% of the time for RecF and RecR, respectively. sis. In the EM, the length of the RecA filaments was Since a gold particle appears at the end of the RecA essentially unchanged in the interval between 10 and filament at 5-6 times this frequency, these results are 65 min when RecF K36R replaced RecF protein (data consistent with the termination of RecA filaments at a not shown). Hence, the capacity of RecFR complexes position determined by the prior random binding of to block RecA filament extension is enhanced if RecF RecFR to dsDNA.
protein cannot hydrolyze dATP. To determine if RecA filament extension could disTo determine if RecF and RecR are both required to place RecFR from the dsDNA, a time course was carried halt RecA filament extension on gDNA, RecF and RecR out using the GD 1037 substrate and 300 RecFR complexes were each tested alone for this activity. RecR protein per gDNA molecule. A portion of the reaction was alone had no detectable effect on RecA binding to stopped by ATP␥S at 10 and 65 min after the addition GD 1037. Complete RecA filaments were observed on of RecA, and the lengths of the RecA filaments were GD 1037 when preincubated with RecR at concentrations judged. Slow increases in the length of the RecA filaranging from 38 to 350 nM (200-1800 RecR/DNA; data ments were observed (data not shown). This suggests not shown). RecF protein alone produced some truncathat bound RecFR is quite stable, but given sufficient tion of RecA filament extension on gDNA, but the effect time it is eventually displaced by RecA.
was much reduced relative to that observed with RecF To confirm the EM results, RecA's DNA-dependent and RecR together. For example, with 58 nM RecF prodATPase activity was used as an indirect measure of tein (300 RecFs per GD 1037 ), 80% of the GD 1037 was comRecA binding to gDNA in the presence of RecFR. The pletely coated with RecA, and many of the remaining results indicated that RecFR (300/DNA) significantly in-20% had only small regions not coated by RecA. In the presence of RecR protein, this concentration of RecF hibited the RecA ATPase activity ( Figure 5A ). However, complexes on RecA filament extension on an ssDNA produces much shorter filaments ( Figure 3C) . A 3-fold substrate, and the results were compared to those obincrease in RecF protein (174 nM) left virtually all RecA tained on the gDNA. Identical concentrations of RecFR filaments with at least one-third of their normal length, complexes had demonstrably reduced effects on RecA and 7% of the filaments were still full-length. In the filament formation when ssDNA replaced gDNA as the presence of RecR protein, the same concentration of DNA cofactor ( Figure 5B ). Increasing the concentration RecF precludes RecA protein binding to a majority of of RecFR complexes increased the lag times observed the gDNA molecules ( Figure 3E) .
for the RecA ATPase activity but had only modest effects A recent report (Hegde et al., 1996) indicates that in on the final rates observed (data not shown), suggesting the presence of ATP␥S, RecF protein has a higher affinity that nearly complete RecA filament formed over the for gDNA than for either dsDNA or ssDNA, implying it course of the experiment. Replacing RecF with the RecF might bind tightly to the ss-ds junction. Our experiments K36R mutant protein in these experiments produces provide no indication that RecFR complexes bind speonly a modest increase in the effects of the RecFR comcifically to the ss-ds junction. Further experiments carplexes on ssDNA ( Figure 5B ). ried out with RecF protein alone in the presence of If RecA filaments could lengthen by independent nu-ATP␥S also produced no evidence for preferential bindcleation on ssDNA between bound RecFR complexes, ing to gap junctions (B. L. W., unpublished data).
multiple RecA filaments should be evident in the electron microscope on individual ssDNA molecules prebound with RecFR. With 300 RecFR complexes per DNA moleRecFR Complexes Primarily Affect RecA Filament Extension on dsDNA cule and at both 5 and 30 min time points, the majority of DNA molecules had a single RecA filament bound, The apparent limitation of RecA filament extension on gDNA by RecFR complexes bound primarily to dsDNA typically nearly full-length with a single short structural irregularity we attributed to a region of bound RecFR regions (Figures 2-5 ) could be explained by preferential binding of RecFR to the dsDNA regions of the gDNA (data not shown). At 600 RecFR per DNA molecule, the RecA filaments were variable in length but shorter. How-(leaving the ssDNA relatively free for RecA binding), by an increased capacity of RecA to displace RecFR bound ever, of 162 protein-DNA complexes examined at the 5 and 30 min time points, 129 (nearly 80%) had only a to ssDNA, or by a capacity of RecA protein to form short filaments between RecFR complexes on ssDNA but not single RecA filament bound. Also, the immunogoldlabeling procedure generally did not detect RecF or dsDNA. We therefore explored the effects of RecFR RecR in the RecA-bound regions of gapped DNA ( Figure  4) . Overall, the results suggest that RecA protein usually did not bind to ssDNA gaps by filling in around bound RecFR complexes. Instead, RecA may have a greater capacity to displace RecFR complexes on ssDNA than on the duplex portion of gDNA, or the RecFR may bind preferentially to the duplex regions of gDNA.
RecFR Complexes Do Not Prevent End-Dependent Disassembly of RecA Filaments
The RecA filaments formed on gDNA in the presence of RecFR do not envelop the entire DNA molecule and thus possess a disassembly-competent filament end within the single-stranded DNA in the gap. We carried out a series of experiments with ATP rather than dATP to determine the effects of end-dependent filament disassembly on gDNA in the presence of RecFR. As was the having no RecA filament associated with them increased from 2% 3 min after SSB addition to 56% after 60 min.
as well as a function for the RecFR complexes characterSimilar results were seen with GD1037. The presence of ized in an earlier study (Webb et al., 1995) . We observe SSB on the RecA-free gDNA was verified by immunono specificity for RecFR or RecF protein binding to the gold labeling of the SSB (data not shown). The RecFRss-ds junction in gapped DNA under any conditions attenuated RecA filaments did not undergo significant tested to date. disassembly and were not replaced with SSB when
The importance of recombinational DNA repair has dATP was used in the reaction instead of ATP (Figures recently been highlighted by the discovery that two 2-5 and data not shown).
genes associated with an inherited predisposition to breast cancer, BRCA1 and BRCA2, function through an Attenuated RecA Filaments Promote DNA Pairing interaction with the eukaryotic RecA homolog Rad51 DNA strand exchange experiments were carried out be- (Scully et al., 1997; Sharan et al., 1997) . Targeted disruptween GD3329 and a complementary linear duplex DNA tion of Rad51 in mouse produces an embryonic lethal ( Figure 6 ). DNA strand exchange products were seen in phenotype (Lim and Hasty, 1996; Tsuzuki et al., 1996) . the absence of RecFR. Addition of RecFR at a level of Targeted mutation of either BRCA1 or BRCA2 also re-222 RecFR complexes per gDNA molecule allowed DNA sults in a lethal phenotype (Ludwig et al., 1997 ; Suzuki pairing but decreased the level of pairing intermediates et al. , 1997) . Interactions of Rad51 with the p53 (Lim observed and eliminated product formation. Relatively and Hasty, 1996; Sturzbecher et al., 1996) , Dmc1 high levels of DNA pairing intermediates (but not prod- (Bishop, 1994 ), Rad52 (Shen et al., 1996 , Rad54 (Jiang ucts) were restored when RecF K36R replaced RecF et al., 1996) , Rad55 (Sung, 1997) , and Rad57 (Sung, 1997) is obscure. However, the Rad55 and Rad57 proteins exhibit activities that suggest they are functional homoDiscussion logs of the bacterial RecO and RecR proteins (Sung, 1997) . Our primary conclusion is that the RecF and RecR proThe RecF, RecO, and RecR proteins are likely to proteins, acting together, bind randomly to dsDNA and vide useful paradigms for elucidating the functions of readily halt RecA filament extension. After nucleation in eukaryotic proteins that interact with Rad51. , 1997) . In this scenario, we suppose that the stalled replication complex also deposits an RecFR complex on the side of the DNA lesion distal to the growing end of the RecA filament, eventually halting its extension and thus conserving RecA protein. In this location, the RecFR complexes may also function in the disassembly of the replication complex, and/or its reassembly either downstream or in the same location after recombination and repair is complete. Either function of RecFR could, in principle, explain the requirement of RecF and RecR in replication restart after DNA damage (Courcelle et al., 1997) .
A number of genetic studies have suggested that the RecF, O, and R proteins act at the same stage of recombinational processes, perhaps as a single complex (Smith, 1989b; Wang et al., 1993; Sawitzke and Stahl, 1994) . Our in vitro studies to date and those of Kolodner and colleagues (Umezu and Kolodner, 1994) , along with recent in vivo work (Courcelle et al., 1997) , have instead focused us on RecFR and RecOR as alternative protein pairings with potentially complementary rather than cooperative functions. No positive effects of RecF protein have been observed in the activity of RecOR to stimulate the nucleation of RecA filament formation and prevent end-dependent disassembly of those filaments (Umezu and Kolodner, 1994; Shan et al., 1997) . Similarly, we have Experimental Procedures are made about the timing of an RecFR complex interaction with the replication complex, which proteins within the replication comEnzymes and Reagents plex the interaction might occur with, or other functions the interac-E. coli RecF and RecF K36R (Webb et al., 1995) , RecR (Webb et al., tion might have. 1995) , RecA (Shan et al., 1996) , and SSB (Lohman et al., 1986) proteins were purified as described. The concentration of each protein was determined by absorbance at 280 nm using their extinction is unlikely to be the only role of these proteins in a coefficients: ⑀280 ϭ 3.87 ϫ 10 4 M Ϫ1 cm Ϫ1 for RecF and RecF K36R (B. L. W., unpublished data), ⑀ 280 ϭ 5.6 ϫ 10 3 M Ϫ1 cm Ϫ1 for RecR bacterial cell. Work in vivo suggests that at least the (Shan et al., 1997) and Overman, 1985) . RecF and RecR polyclonal antibodies were tion in recombinational DNA repair (Sandler, 1996; Cour- produced in rabbit using the purified proteins as antigens. SSB celle et al. , 1997; Kogoma, 1997) .
antibody was a gift from Tim Lohman. Restriction endonucleases Random binding of a limited number of RecFR comwere purchased from New England Biolabs. Tris buffer was from Fisher Scientific. ATP, dATP, phosphocreatine, and creatine phosplexes to the 4.6 million base pair E. coli genome is phokinase were from Sigma. ATP␥S was purchased from Boehlikely to be of little use to recombinational DNA repair.
ringer-Mannheim Biochemicals. SeaPlaque GTG low-melting aga-
The absence of a measurable specificity for the binding rose was from FMC.
of ss-ds junctions at DNA gaps seems to leave no way to target the RecFR complexes to the locations where DNA they are needed. However, the apparent interaction of Supercoiled circular duplex DNA and circular ssDNA from bacteriophages M13mp8 and M13mp8.1037 were prepared as deRecF protein with the replication apparatus, as defined scribed (Messing, 1983; Neuendorf and Cox, 1986) . Bacteriophage in vivo (Sandler, 1996; Courcelle et al., 1997) , suggests
M13mp8.1037 is derived from M13mp8, having a 1037 bp insertion that protein-protein interactions may provide the mech-(EcoRV-EcoRV fragment from the E. coli galT gene) in the SmaI site anism for the targeting of RecFR to regions requiring (Lindsley and Cox, 1990b) . Linear dsDNA was prepared by complete repair. This is outlined in the model for the early stages Kolodner, 1994). The RecOR complexes prevent endGapped DNA with a precisely defined gap length was prepared essentially as described (Lindsley and Cox, 1989 the addition of ATP␥S as described above. Before spreading, the samples were dialyzed 1 hr at 4ЊC into 10 mM HEPES (pH 7.5), 20 mon 8266-base M13mp8.1037 inner circle and have different length linear DNA annealed to it (7229 and 4937, respectively). As an addimM NaCl, 5 mM EDTA. The dialyzed samples were then cross-linked with 0.2% glutaraldehyde 20 min at 25ЊC followed by 20 min on tional purification step, to remove contaminating M13mp8.1037 circular ssDNA and linear M13mp8 dsDNA after hydroxylapatite chroice. To remove unreacted glutaraldehyde, the samples were again dialyzed. The samples were then diluted 10-fold into a solution matography, the gapped DNA was electrophoresed on a 0.8% SeaPlaque GTG agarose gel, and the DNA band corresponding to containing 10 mM HEPES (pH 7.5), 50 mM ammonium acetate, 10% (w/v) glycerol and absorbed to an activated carbon grid. These grids GD 1037 or GD3329 was excised. The gel slice was melted at 65ЊC and extracted 1:1 with phenol/chloroform/isoamyl alcohol (25:24:1) and were floated and incubated successively on the following solutions, all at room temperature: 0.1% BSA (10 min), primary antibody (antichloroform/isoamyl alcohol (24:1). The final preparation of DNA was precipitated twice with ethanol.
RecF, RecR, or SSB; 20 min); 0.1% BSA (3 min); protein A conjugated with gold (10 nm, Sigma Co.; 20 min); 0.1% BSA (3 min); water (1 min). Grids were then stained with uranyl acetate and shadowed.
Electron Microscopy
Additional experimental details can be obtained from R. B. I. upon Reactions were performed in 25 mM Tris acetate (80% cation), 10 request. mM Mg(OAc)2, 5% (w/v) glycerol, 3 mM potassium glutamate, 1
To calculate the probability that a gold particle would appear mM dithiothreitol. ATP or dATP at 3 mM was included as indicated.
randomly at the very end of an RecA filament, we first estimated An ATP/dATP regenerating system (10 U ml Ϫ1 creatine phosphokithe diameter of a gold particle to be 0.2 scratch units. This is equivanase and 12 mM phosphocreatine) was also included. All incubalent to about 16 nm. The gold particles used are 10 nm prior to tions prior to spreading for microscopy were done at 37ЊC. The final shadowing. At 300 RecFR per DNA, the RecA filaments average 9.5 pH after addition of all reaction components (substituting storage scratch units in length (full-length ϭ 50). Since the RecA-bound DNA buffers for DNA and protein additions) was 7.15 at 25ЊC.
is extended, the RecA-free DNA should be 40.5/1.5 scratch units or RecF and RecR proteins, at concentrations specified in the figure 27 scratch units in length, providing 135 intervals of 0.2 scratch unit. legends, were first incubated with gapped DNA (2.8 or 3 M as The probability is then the average number of gold particles per indicated in figure legends) for 5 min. RecA protein (0.75 M) and molecule divided by 135. This was multiplied by 2 to account for SSB (20 nM for GD 1037, 76 nM for GD3329) were then added, separated both filament ends (we cannot distinguish the growing end in these by 5 min. The reaction was stopped 5 min after SSB addition by experiments). adding ATP␥S to 1 mM and incubating for an additional 5 min. Prior to spreading for microscopy by a modified adsorption procedure dATPase Assays (Webb et al., 1995) , the reaction was diluted 20-fold into 50 mM
The DNA-dependent dATP hydrolysis activity of RecA protein was ammonium acetate (pH 7.5) containing 10% glycerol. The diluted measured spectrophotometrically by a coupled enzyme assay dereaction mixture was absorbed onto carbon films on copper grids scribed elsewhere (Morrical et al., 1986; Lindsley and Cox, 1990a ; for 3 min. Grids were washed by floating on two 1 ml drops of 10 Shan et al., 1997) . The reaction conditions were identical to the mM HEPES (pH 7.5), 50 mM ammonium acetate, and 10% (w/v) reactions conditions used for EM except that pyruvate kinase (4.5 glycerol. The grids were stained with uranyl acetate, washed with U ml
Ϫ1
) and phosphoenolpyruvate (1.5 mM) were used as the dATP water, and dried under a heating lamp 10 min prior to shadowing.
regenerating system, and NADH (0.675 mM) and lactate dehydrogeBecause of the large number of samples and the wide distribution nase (4.5 U ml
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